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Abstract 
A superior quality of subsurface is essential for the component’s (machined) performance as well as its sustainability.  One of the 
main reasons for a poor subsurface generated in machining is attributed to high machining temperatures. This study is focused on 
managing heat energy effectively to improve subsurface integrity. This paper’s focus is to understand the effect of simulating a 
flood coolant by targeting Minimum Quantity Fluid (MQF) on rake and flank faces of the cutting tool in a partitioned manner. 
Additionally, the effect of fluid application parameters such as fluid composition, and amount of fluid are analyzed. Facing 
experiments are carried on annealed AISI 1045 steel with a coated carbide tool. An Infrared Radiation camera is used to generate 
the temperature maps, thus identifying the location for the fluid application. Residual stresses are measured using hole drilling 
method. Results show the use of MQF on the rake and flank faces tends to improve the subsurface integrity.The cooling effect of a 
fluid jet on the flank face is modeled to highlight thermo-physical properties essential in selecting an appropriate cutting fluid as a 
quenchant. .The primary idea of effectively controlling temperatures in machining to improve subsurface integrity with different 
quenching media shows good correlation with the results obtained in this paper. 
 
© 2013 The Authors. Published by ElsevierB.V. 
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1. Introduction 
Superior quality of the machined surface is essential 
for a component’s performance as well as its 
sustainability. These machined surfaces may be 
subjected to high levels of loads/stresses, extremely high 
temperatures and may be exposed to severe 
environment. Recent emphasis on enhanced 
sustainability has provided renewed impetus to increase 
the service life of a component, thereby necessitating an 
ever-increasing focus on the surface integrity of the 
machined sub-surface. There is a drive to improve the 
life of the components by post-machining heat 
treatments and surface enhancements of the machined 
components for wide variety of applications. In contrast, 
in this paper, there is an attempt to facilitate in-situ 
surface enhancement/treatment like quenching while 
performing machining thereby reducing the need for 
expensive post process treatment. This can lead to 
potential reductions in cost and time.  
 
An important quality measure for a subsurface is 
given by the surface integrity of the machined 
component, which consists of and not limited to surface 
residual stresses, surface roughness and surface 
metallurgy. Traditional manufacturing methods should 
use surface integrity as a design input in process 
planning as shown in Figure 1, in order to reduce the 
costly surface enhancements like shot peening and low 
plasticity burnishing [1]. Surface integrity is defined as 
‘the inherent or enhanced condition of the surface 
produced in a machining process’ [2]. According to 
ANSI B211.1-1986, residual stress profiles can be 
analyzed using (a) surface residual stress (stress value at 
the zero depth), (b) peak stress (either tensile or 
compressive) (c) cross-over depth (crossover of the 
residual stress profile from compressive to tensile or vice 
versa) and (d) depth of the residual stress underneath the 
surface [3]. 
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Figure 1. Schematic of surface integrity in process planning. 
The literature suggests that mechanical loads produce 
compressive stresses while on the other hand thermal 
loads produce tensile natured residual stresses[4]. 
Okushima et al.[5] computed machined induced residual 
stresses in AISI 1045 steels as an amalgamation of the 
mechanical effect of the ploughing force exerted by the 
tool onto the work piece and the temperature generated 
in metal cutting. Tsuchida et al.[6] found that of all the 
cutting conditions, depth of cut has the least effect on the 
residual stresses, while feed rate consistently moves the 
residual stresses profile towards the higher tensile side 
[6]. Also, wet machining produced more compressive 
residual stresses than dry machining. These results can 
be explained by the effect of increase in thermal 
dominance in machining with higher feed rate, and dry 
machining. More recently Outeiro et al. [7] studied the 
effect of coated tools on residual stresses. 
 
An effective understanding and control/utilization of 
the heat energy produced during the machining process 
is a potential solution for improving surface integrity. 
One of the well-known approaches to manage heat 
energy in machining is cutting fluid application. Cutting 
fluid in general, is applied as flood coolant or as a 
Minimum Quantity Fluid (MQF). The main intent of 
these approaches is to effectively reduce the heat energy 
in order to improve the tool life and surface roughness, 
but flood application has a tendency to be counter 
effective. The flood application on the top of the chip, 
lowers thermal softening, thereby negatively effecting 
the tool life [7] and also lower thermal softening of the 
work-piece results in a higher tensile residual stresses 
[8].  On the other hand, MQF is cost effective and 
environmentally superior, but has its share of advantages 
and disadvantages. MQF use as a lubricant has been 
limited due to its ineffectiveness to penetrate into the 
tool-chip interface [9]. The limited success of Minimum 
Quantity Lubricants (MQL) to control tool wear can be 
attributed to the location of its application which is on 
the top of the chip surface rather than on the rake and 
flank faces respectively. Diniz and Micaroni applied 
high pressure, high quantity cutting fluid strategically on 
the rake and flank face respectively when machining 
AISI 1045 steel and saw an increase in the tool life, and 
also highlighted that flow rate has an effect on the tool 
wear [7]. Recently, a colleague of the authors, conducted 
a study on the effect of strategically targeting the MQF 
on the rake and flank faces on the sub-surface integrity 
of machined 1045 steel [10]. The study showed the 
effectiveness of applying coolant on the flank face in 
producing compressive residual stresses due to possible 
quenching effect. The sudden cooling of the sub-surface 
near the flank face work-piece interface can cause a 
phase transformation. A phase transformation, in the 
case of steels, from austenite to martensite associates 
with an increase in volume [11]. This increased volume 
constrains the subsurface to induce residual 
compression.This paper is focused on targeting the MQF 
strategically on the rake and flank faces respectively to 
‘optimize the heat energy’ in order to improve the sub-
surface integrity. The possibility of inducing 
compressive residual stresses in the work piece by 
instantaneously and locally quenching the heat energy 
generated in machining is explored. Figure 2 shows the 
heat affected zones in machining. Heat affected zone 1, 
is the primary shear zone, when reduced of its 
temperatures can lead to higher cutting forces, and 
induce higher tensile residual stresses due to lower 
thermal softening Heat affected zone 2, is the secondary 
shear zone along the rake face. The temperature in this 
zone is reduced by applying the cutting fluid directly 
underneath the chip as shown in the Figure 2. The 
resultant subsurface improvement generated due to 
temperature reduction by applying cutting fluid 
underneath the chip in this zone is also relatively 
unexplored. An initial attempt is made in this paper to 
understand effects of such targeted application. Heat 
affected zone 3, is the tertiary shear zone; the just 
machined sub-surface near the flank face. Some of the 
heat energy in this zone is transferred from the primary 
shear zone and secondary shear zone. The amount of 
heat energy in this zone indicates the thermal residual 
stresses produced in the machining. 
 
 
 
 
 
 
 
 
Figure 2.A Schematic representation of the “Targeted MQF 
Application” in machining. 
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Table 1: Experimental plan  
 
 
  The temperature in this zone can be reduced at a 
rapid rate with different cutting fluid combinations. The 
effect of this quenching process on machining is not 
studied until now, and especially its influence on the 
subsurface integrity is unexplored. Cutting fluid is 
targeted to (a) minimize the heating in the secondary 
shear zone and (b) utilize the heat produced in the 
tertiary shear zone to quench harden the ‘just machined 
subsurface’.  
 
2. Experimental plan 
 
Facing experiments are carried out to study the 
effects of targeted cutting fluid application on subsurface 
integrity. Table 1 gives the details of the experimental 
plan employed in this study. Work material AISI 1045 
steel is annealed to eliminate any preexisting residual 
stresses. Cutting conditions and the cutting fluid were 
selected as per the cutting tool industry 
recommendations for the work material to be machined. 
The cutting fluid is a semi-synthetic fluid 
(TRIM®MicroSol® 585 XT). Semi-synthetic cutting 
fluids have a good thermal reduction capability with 
relatively reasonable lubricity [12]. The cutting fluid is 
mixed with distilled water (in order to reduce the hard 
water effect and any possible contamination) at a ratio of 
1:9 (a low amount of cutting fluid is mixed to minimize 
the foam formation). As expected, foam formation is not 
observed during experiments.‘Face turning’ experiments 
are conducted in order to measure residual stresses using 
hole-drilling strain-gage method (a flat surface is 
suggested to better approximate residual stresses).As 
shown in Figure 3, the cutting fluid is applied on the 
rake face to investigate the effect of cooling the 
secondary shear zone on subsurface residual stresses. 
We can see from the experimental plan that the amount 
of fluid applied on the rake face is varied (no fluid 
application, i.e. dry), High Quantity Fluid (HQF) at 600 
ml/min, and MQF at 300 ml/hr. In this set of 
experiments, no fluid is applied on the flank face. In 
order to investigate the effect of quenching on the 
temperature rise in the tertiary shear zone, fluids with 
varied compositions are applied on the flank face. On the 
flank face, the temperature rise is cooled naturally (no 
fluid application), with cutting fluid (water and oil) at 
300 ml/hr, with water, at 300 ml/hr, and finally with 
compressed air at 0.689 MPa. In this set of experiments, 
MQF (at 300 ml/hr) is used on the rake face to maintain 
the temperature at the tooltip (along the cutting edge) 
high enough for quench hardening. 
 
3. Results and discussion 
 
Machining experiments were carefully conducted on 
a HAAS® SL-20 turning center. The temperature rise in 
machining was measured using a Raytek® Pi20 Infrared 
Radiation (IR) camera. Temperatures were measured 
using an emissivity of 0.75 for annealed AISI 1045 steel 
at a distance of 16 inches from the work surface. The 
machining induced residual stresses were measured 
using a hole-drill method as per ASTM E837-08 
standard [13]. Residual stresses for all the machined 
parts were measured precisely at same radial distance 
from the center of the work piece to ensure consistency.  
 
3.1 Targeting cutting fluid application on the Rake face. 
 
Machining induced maximum principal residual 
stresses produced by targeting the cutting fluid upon to 
rake face are shown in Figure 4. The results show that 
having no cutting fluid application tends to produce a 
higher tensile residual stresses in accordance with prior 
research [10]. The application of minimum quantity of 
fluid for the same process reduced the magnitude of the 
residual stresses considerably. With the application of 
higher quantity fluid, even more significantly lower and 
compressive residual stresses are produced. The 
reduction in the apparent measured temperature at the 
tool tip can be seen from the Table 2.  
 
Work material: Annealed AISI 1045 steel with average HRB 78. 
Cutting conditions: Cutting speed = 225 m/min, feed rate = 0.1 mm/rev, depth of cut = 1.2 mm 
Tool holder: PCLNR 124 BHP (high pressure coolant on rake face)  
Cutting tool: CNMG 432 with CVD coating (TiN / Al2O3 / TiCN) on carbide substrate. 
Cutting Fluid: Semi-Synthetic fluid (with higher cooling capability and good lubricity),water, and Compressed Air (CA). 
Name  Minimum Quantity Fluid (MQF) application 
Rake face Flank face 
Dry  None None 
HQF on Rake  High Quantity Fluid (HQF) @ 600 ml/min None 
MQF on Rake  (Water (90%) + Oil (10%))@ 300 ml/hr + CA @ 0.689 MPa None  
Water + Oil 
Quench  
(Water (90%) + Oil (10%))@ 300 ml/hr + CA @ 0.689 MPa (Water (90%) + Oil (10%))@ 300 ml/hr + CA @ 0.689 MPa 
Water Quench  (Water (90%) + Oil (10%))@ 300 ml/hr + CA @ 0.689 MPa (Water (100%)) @ 300 ml/hr + CA @ 0.689 MPa 
Air Quench  (Water (90%) + Oil (10%))@ 300 ml/hr + CA @ 0.689 MPa CA @ 0.689 MPa 
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Figure 3. Experimental setup: Cutting fluid directed on to the flank 
face and rake face. 
 
The process of applying more coolant on to the rake 
face has reduced/cooled the temperature in the 
secondary shear zone, thereby reducing the heat 
transferred into the tertiary zone or ‘just machined 
subsurface’. This in effect reduces the thermal residual 
stresses, thereby the total residual stresses in the sub-
surface. Also by applying a high quantity fluid, a lot of 
the fluid directed on to the rake face is splashed onto the 
flank face, thereby cooling the ‘just machined 
subsurface’. This effect is seen in the temperature maps 
produced by the IR camera and the temperatures at tool 
tip. Machining annealed AISI 1045 produced long and 
continuous chips, even though a chip groove is 
employed in this study. As we applied the fluid 
underneath the chip, there is a considerable cooling of 
the chip lower surface. This change of temperature on 
the lower side of chip leads to a change in chip curl 
mechanism [14]. Further analysis to quantify this change 
is recommended but it is out of scope for this study. The 
thermal images from the IR camera showed a 
considerably high temperature ‘chip nest’ was formed in 
dry machining, whereas by applying fluid on to the rake 
face, the ‘chip nest’ was not formed but long chips were 
broken as seen in Figure 5. ‘Chip nest’ formation leads 
to a high ambient temperature after machining and also 
potentially damages the just machined subsurface, 
further contributing to the tensile nature of subsurface 
residual stresses. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.Maximum principal residual stress (MPa) with fluid 
application on rake face and no fluid application on flank face. 
 
 
Figure 5.IR images of targeted fluid application on chip formation. 
 
Table 2: Temperatures form the IR Camera (rake face application). 
 
Apparent measured temperature at the tool tip 
Dry 181oC 
HQF on rake face 95oC 
MQF on rake face 155oC 
 
3.2 Targeting cutting fluid application on the Flank face. 
 
Machining induced maximum principal residual 
stresses generated by targeting the cutting fluid on to the 
flank face are shown in Figure 6, and the apparent 
measured temperatures at the tool tip by the IR camera 
are given in Table 3.No fluid application on the flank 
face and MQF application on rake face produced tensile 
residual stresses as explained earlier. To this set up, 
water and oil mixture as a cutting fluid is applied on the 
flank face as a quenching agent, resulting in a rapid 
decrease in the temperature at the tertiary zone. The 
cooling of the ‘just machined work surface’ produced 
lower thermal residual stresses, thereby lower overall 
residual stresses on the subsurface. When water is used 
as the sole quenching medium, the temperatures are 
reduced at a more rapid rate and thus more compressive 
residual stresses are created. The fact that water is one of 
best available natural quenchant, with a higher 
quenching rate compared to the cutting fluid (water + 
oil) and compressed air can be seen in the residual stress 
distribution profile [15].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.Maximum principal residual stress (MPa) with fluid 
application on flank face and MQF application on rake face. 
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Table 3: Temperatures form the IR Camera (flank face application). 
 
Apparent measured temperature at the tool tip 
Natural cooling 155oC 
Water + oil cooling 142oC 
Water cooling 117oC 
Air cooling 140oC 
 
Water quenching produced the highest compressive 
residual stresses (-251.5 MPa) along with a crossover 
depth of 0.093 mm. The combination of temperatures 
and pressures in steel machining are high enough to 
trigger the pearlite to austenite transformation at much 
lower temperature than usual [16]. Thus when cooled 
rapidly, martensite formation occurs. Martensite has a 
negative thermal coefficient of expansion, leading to a 
local volume increase inducing compressive residual 
stresses along subsurface [11,17]. The possibility of 
martensite formation due to rapid cooling cannot be 
ruled out until a future microstructural analysis is 
conducted. Even though surface (near zero depth) 
residual stresses are similar for cutting fluid (water + oil) 
quenching and air quenching, the difference is seen in 
the crossover depth. Air quenching (0.112 mm) has the 
highest crossover depth compered to cutting fluid 
quenching (0.074 mm), and water quenching (0.093 
mm). Air is assumed to have penetrated closer to the 
tool-tip/cutting-edge than the other two quenchants from 
the flank fluid jet, thereby slightly increasing the 
quenching time, and correspondingly increasing cross 
over depth.There is a possibility of increasing the 
magnitude of compressive residual stress and its depth 
by increasing quenchant, jet velocity, etc., and thereby 
the cooling rate. However, a higher cooling rate at the 
tooltip can increase the percentage of martensite along 
the machined subsurface, leading to a white layer 
formation and distortion. Hence, a balanced approach 
needs to be further investigated. 
 
4. Modeling heat transfer effect of quenchants 
 
The heat transfer from the work-piece by a targeted 
cutting fluid, which is similar to a jet impingement, is by 
forced convection. One way of quantifying the 
quenching effect of the cutting fluid is by finding their 
heat transfer coefficients by the Nusselt number 
correlation. The targeted cutting fluid on the flank face is 
a fluid jet on a rotating surface (work-piece) through a V 
shaped channel as shown in Figure 7. The Reynolds 
number (Re) for the fluid flowing through this geometry  
was modeled by Obikawa et al [18] as given in Eq. 1, 
ܴ݁ ൌ ߩݒ଴ݐܽ݊ߙɊ ൤ͳ െ ݁ݔ݌ ൬
െ݈
݉൰൨ ݈ሺͳሻ 
The Reynolds number calculation considers the fact 
that the velocity of the fluid jet (v0) is countered by the 
rotation of the work-piece and consequently reduces to 
zero at the tool-tip. Dynamic viscosity and density of the 
cutting fluid are given by μand ρ respectively, while α 
represents the flank clearance angle of the cutting tool. 
The distance from the tool tip is given by l, while m is an 
exponent (=5 mm). The quenching (heat transfer) effect 
by applying a liquid jet parallel to a flat surface is given 
by the following Nusselt number correlation [19], 
 
ܰݑ ൌ ͲǤ͸ͶͶܲݎଵȀଷܴ݁ଵȀଶሺʹሻ 
 
Previously, researchers such as Li [20] have used the 
above correlation for assessing the cooling capability of 
the cutting fluid on the flank face in turning operations, 
while Ramesh et al [21] used the correlation similarly 
for grinding. However, the effectiveness of the 
correlation depends on accurate calculation of the 
Reynolds number of the fluid jet. The Prandtl number is 
given by Pr (Pr=μCp/k), where Cp and k are specific 
heat and thermal conductivity of the fluid respectively. 
Using Equations 1 & 2, and properties of the quenchants 
from Table 4, Reynolds number and Nusselt number are 
calculated along the flank face. Only the quenchant’s 
cooling effect is studied in this part of the work, without 
considering the mixing of air and fluid. In case of water 
quenching the assumed constituents of the fluid flow is 
water, thus ignoring the effect of mixing air with water. 
This assumption is made for this preliminary analysis 
only. The cooling effect of a fluid jet on the flank face is 
modeled to highlight thermo-physical properties 
essential in selecting an appropriate cutting fluid as a 
quenchant.  
 
The air quenchant has higher Reynolds number than 
the other quenchants due to its lower viscosity. Lower 
viscosity and density of the air medium enables it to 
reach the tool tip with a higher velocity, thus enhancing 
the quenching effect. The influence of higher velocity 
can be seen by the cross-over depth. As seen in Figure 6, 
the air quenching has higher cross-overdepth, followed 
by water quenching and then by water+oil quenching. A 
similar trend can be seen with the viscosity of these 
quenchants and Reynolds number. The Nusselt number 
reflects the heat transfer ability of the quenchants.  As 
seen in Figure 7, water media has a better heat transfer 
rate followed by the water+oil quench media and then 
air quenching media.  The same trend can be observed 
for the peak residual stresses induced in Figure 6.Water 
quenching has higher Nusselt number along the ‘just 
machined surface’, thus higher temperature reduction 
and thereby a lower induced residual stress. 
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Figure 7.Nusselt number (Nu) for different quenchants 
 
Table 4.Quenchant properties [22] 
 
Properties Air Water Water (90%) + Oil (10%) 
ρ (Kg/m3) 1.2 1000 999.2 
μ(cP) 0.02 1 2.68 
Cp (J/Kg- 1000.5 4183 4118 
k(W/m-K) 0.0257 0.5984 0.554 
 
5. Summary 
 
Machining experiments were carried out to 
understand the effects of targeted cooling for annealed 
AISI 1045 steel – CVD multicoated tool combination 
resulting in the following findings:  
1. The application of fluids upon the rake face produced 
lower temperatures along the cutting edge as well as 
lower residual stresses on the machined surface. Higher 
the amount of fluid applied, lower the residual stresses.  
2. The attempt to instantaneously quench the 
temperatures at ‘just machined subsurface’ resulted in a 
higher magnitude of compressive residual stresses. 
Targeting MQF effectively in a partitioned and 
independent manner on the rake and the flank faces 
improves the subsurface integrity. Thus a higher quantity 
fluid application on the rake face can be eliminated 
which can enhance sustainable manufacturing.  
3. From modeling, we can see that the quenchant’s 
viscosity and density affect the cross-over depth, while 
the thermal properties of the quenchant have an effect on 
the magnitude of the peak residual stresses. 
4. The primary idea of effectively controlling 
temperatures in machining to improve subsurface 
integrity with different quenchants has been successfully 
tested. The higher the quenching rate of the quenching 
medium on the flank face, the lower the residual 
stresses. Combined with an engineered and targeted 
cutting fluid application strategy, this paper throws new 
light on improving cutting fluid delivery for creating 
surfaces with enhanced surface integrity. 
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